An optimization technique is coupled with crystal plasticity based finite element (CPFE) computations to aid the microstructural design of a wrought magnesium alloy for improved strength and ductility. The initial microstructure consists of a collection of sub-micron sized grains containing deformation twins. The variables used in the simulations are crystallographic texture, and twin spacing within the grains. It is assumed that plastic deformation occurs mainly by dislocation slip on two sets of slip systems classified as hard and soft modes. The hard modes are those slip systems that are inclined to the twin planes and the soft mode consists of dislocation glide along the twin plane. The CPFE code calculates the stress-strain response of the microstructure as a function of the microstructural parameters and the length-scale of the features. A failure criterion based on a critical shear strain and a critical hydrostatic stress is used to define ductility. The optimization is based on the sequential generation of an initial population defined by the texture and twin spacing variables. The CPFE code and the optimizer are coupled in parallel so that new generations are created and analyzed dynamically. In each successive generation, microstructures that satisfy at least 90% of the mean strength and mean ductility in the current generation are retained. Multiple generation runs based on the above procedure are carried out in order to obtain maximum strength-ductility combinations. The implications of the computations for the design of a wrought magnesium alloy are discussed. Research sponsored by
INTRODUCTION
The poor room temperature formability of magnesium compared to steel and aluminum alloys is attributed to the hexagonal close packed (HCP) crystal structure that allows easy dislocation slip only along the close packed basal plane [1] . Room temperature deformation is largely accommodated by the operation of basal slip and twinning on (10 2) planes, commonly known as "tension" or "extension" twins. However, the operation of tension twins during sheet forming operations results in the reorientation of the grains such that the c -axis (the long axis of the HCP unit cell) is parallel to the sheet thickness and produces the so-called "basal" texture. The sheet cannot accommodate further thickness reduction because both the basal slip and the tension twin mechanisms are essentially shut down. Typically improved room temperature ductility in wrought magnesium alloys is obtained by alloying with rare-earth (RE) elements that results in significant grain refinement and the formation of weak textures that promote the activation of dislocation glide in the prism and pyramidal planes [2] . The ease of formation of compression twins along the (10 1) planes is considered to be one of the key mechanisms of texture weakening in RE containing alloys. However, there is a recent push for developing REfree magnesium alloys because of the uncertainty in the global RE market.
In metallic polycrystals there is generally an inverse relationship between strength and ductility. In engineering materials, the conventional approach for simultaneously increasing the strength and ductility is to refine the grain size. However, below a limiting grain size where significant dislocation activity within the grain cannot be supported, the strength again has an inverse relationship with ductility. Recent research has shown that the introduction of nanotwins within ultra-fine grains can lead to significant enhancement in strength without loss of ductility [3] . The strength level is dictated by the mean spacing between the twins and the ductility is determined by the ability of the twin-matrix interface to allow dislocations to glide. There has been recent activity in trying to extend the above nano-twinning concept for FCC copper to hexagonal close packed (HCP) magnesium alloys. Unfortunately, the main challenge in HCP alloys is that below a certain grain size (roughly 3-4 µm for Mg), twinning as a major deformation mode practically ceases, and deformation occurs almost entirely by dislocation slip [4] . Although alloying is a potential solution, finding the right solute to promote twinning has been a challenge. Recent experiments using ball milling have provided crucial evidence for mechanical alloying of magnesium with up to 10% titanium that leads to twinning inside nanoscale grains [5] . It is significant to note that the twins produced in the Mg-Ti alloy are the compression twins that are produced in the RE-containing alloys. The twin plane, (10 1) also coincides with the pyramidal slip planes and therefore there is a potential for dislocation glide along the twin plane. The motivation for the current research is to develop a computational approach to optimize the texture and the twin spacing in a magnesium-titanium alloy in order to simultaneously improve the strength and ductility of the alloy.
APPROACH
The computational approach consists of coupling a crystal plasticity based finite element (CPFE) code with an optimization routine. The crystal plasticity theory is used to formulate an elasto-viscoplastic constitutive model based on anisotropic elasticity and dislocation slip on the basal, pyramidal and prismatic slip systems that operate in HCP magnesium. The grains are assumed to contain a collection of compression twins along the (10 1) planes that are produced by prior deformation processing as described in the previous section. The objective of the optimization simulations is to find improved combinations of strength and ductility for such a microstructure assuming that the mechanical response is governed essentially by dislocation slip on the usual slip planes. However, the slip systems are now classified into two different types. Slip systems that are inclined to the (10 1) planes are considered hard modes because of the nanoscale confinement of the matrix regions between the twins, and the slip systems parallel to the (10 1) planes are considered soft modes. The critical resolved shear stresses for initiating slip along the hard modes are obtained from the Hall-Petch data for magnesium and the appropriate twin spacing. The critical resolved shear stress for the soft modes are obtained from the Hall-Petch data and the appropriate grain size. The constitutive model is implemented in a finite element framework with grain level discretization. The details of the CPFE model development and implementation are described in a companion paper [6] . In addition to computing the stress-strain behavior of the polycrystal, a failure model is built into the analysis in order to define the strength-ductility combination for a specific microstructure. The failure criterion is based on a critical value of the tensile hydrostatic stress and shear strain. The critical shear strain concept is based on an earlier work by Jerusalam et al [7] for face centered cubic copper. However, the implementation of such a criterion leads to a monotonic improvement in ductility with reduced twin spacing. Since the operating hydrostatic tensile stress also scales inversely with twin spacing and the material may fail by interphase separation above a critical stress, the current study includes the additional stress criterion. The critical stress and shear strain values are not known presently. However, they can be calibrated using experimental data as and when they become available. Currently, there is an ongoing experimental effort at ORNL to develop Mg-Al-Zn-Ti alloys using severe plastic deformation approaches [8] .
The variables used in the optimization technique are the crystallographic texture and the twin spacing. The texture is varied from strong basal where all the grains are along the [0001] direction to a weak texture where the orientation of each grain deviates from [0001] by a specified angle that can be systematically varied. The optimization task proceeds as follows. An initial population based on a random selection of the texture-spread parameter and the twin spacing is chosen. The population is used to spawn separate CPFE runs. In the current study, the initial population consisted of 10 individuals. Each individual was run using a computational domain of size 20x20x20 cubic elements. Each element is considered a "grain" that has a specific crystallographic orientation assigned using the generated grain orientations and twins with given spacing. At the end of the run, the mean strength and mean ductility values are calculated for the population. Subsequently, individuals whose strength and ductility values individually exceed 90% of the mean are retained for the next generation run. The ones that fail this criterion are reassigned by randomly picking from one of the successful individuals. The second generation proceeds after a random reassignment of the texture and the twin spacing in the vicinity of the original values. In the current simulations a ± 20% variation in the values was used to reassign the texture and the twin spacing. The runs are continued in a similar fashion for several generations. The results shown in the current study are after 20 generations. Table 1 shows the typical texture and twin spacing values that are randomly selected in a given population and their corresponding strength and ductility levels. A typical (0002) pole figure for a spread parameter of 0.5 is shown in Fig. 1 . In magnesium alloys, the spread introduces grains that are tilted with respect to the tensile axis and therefore initiate slip in the non-basal slip systems. Figure 2 shows that the strength level and the strain at failure vary with the texture and the twin spacing. It also shows that the optimization process resulted in the identification of the texture and the twin spacing that optimizes the strength and ductility of the alloy. By comparing the curves after generation 1 and generation 20, we can see that individuals with high strength and low ductility and individuals with low strength and high ductility are eliminated from the population. The individuals that survive the generations are those with an intermediate strength and significantly higher ductility. The present results are only an early attempt to demonstrate the optimization approach. The accuracy of the results can be increased significantly by increasing the size of the computational domain to the order of 100 x 100 x 100 that allows carrying statistically significant number of grains, increasing the individuals in the population to the order of 100 and also by increasing the number of generations. The CPFE code currently takes advantage of the parallel computing capabilities at the Oak Ridge National Laboratory. Currently each 20 x 20 x20 run requires 8 processes. However with the increased problem size of the kind indicated above, tens of thousands of processes will be required for a coupled CPFE -optimization run which is well within the capability of the current high performance computing capabilities at ORNL. In addition, increasing the domain size also allows the incorporation of a realistic three-dimensional grain structure with large number of grains that satisfy the topological features of a polycrystal. As described previously, the failure criterion that defines the ductility is based on a threshold hydrostatic tensile stress and a critical shear strain. Specifically, failure is assumed when the critical stress and strain are exceeded in 10% of the elements. While the criterion is fairly simple, it captures the essential ingredients of void nucleation, growth and percolation mechanisms that depend on hydrostatic stress and shear strain. However, more detailed micromechanical models can be integrated within the current crystal plasticity framework as and when they become available. In the current study the variation of texture is described in terms of a single parameter that decides the extent of spread of the basal texture while the texture spread is still centered on the (0002) pole. However, recent advances in the thermo-mechanical processing of wrought magnesium alloys based on shear deformation are emerging [9] [10] [11] . A significant outcome of such processes is the shift of the maximum intensity in the (0002) pole figure to off-axis locations. Recent work on asymmetric rolling of wrought magnesium alloys indicates that significant ductility enhancements can be achieved in the presence of off-axis textures with diffuse spread [12] . The current optimization technique is being extended to cover such scenarios by including the off-axis shift as an additional variable in the texture representation.
RESULTS & DISCUSSION
Future work will involve coupling processing-microstructure models for magnesium alloys with the current microstructure-property models so that the optimization variables can be defined at the processing level rather than at the microstructural level which will allow optimization of the thermo-mechanical processing variables. Such a tool will provide the motivation for innovation in thermo-mechanical processing as well as alloying principles for wrought magnesium alloys.
